Magnetic Resonance of the Intrinsic Defects of the Spin-Peierls Magnet CuGeOs 
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The magnetic resonance of the pure monocrystals of CuGeOs is studied in the frequency range 9-75 
GHz and in the temperature interval 1.2-25 K. 

The splitting of the ESR line into several spectral components is observed below 5 K, in the temper- 
ature range where the magnetic susceptibility is suppressed by the spin-Peierls dimerization. The 
analysis of the magnetic resonance signals allows one to separate the signals of the S =1/2 and 
S — 1 defects of the spin-Peierls phase. The values of the g-factor, corresponding to these signals 
are close to the characteristic values of the Cu 2+ -ion The additional line of the magnetic resonance 
is characterized by the strong anisotropy of the g— factor and by the threshold-like increase of the 
microwave susceptibility when the microwave power is increasing. This threshold-like increase of 
the susceptibility is observed both at the resonance value of the magnetic field and at the wings of 
the resonance line. These signals are supposingly attributed to two types of the planar magnetic 
defects, arising at the boundaries of the domains of the spin-Peierls state with the different values 
of the phase of the dimerization. 



PACS numbers: 64.70.Kb 75.10.Jm 77.22Ch 75.40. Cx 



I. INTRODUCTION 

The inorganic compound CuGe03 possesses the mag- 
netic and crystallographic properties of the spin-Peierls 
crystals and is intensively studied during the last years by 
different methods. The magnetic structure of this crystal 
is based on the ID-chains of S=l/2 Cu 2+ ions, elongated 
along the c— axis of the orthorombic crystal. The drop of 
the magnetic susceptibility is found below the tempera- 
ture of the spin-PeierlsH transition. This drop of the sus- 
ceptibility is accompaniedjDy the lattice period doubling 
in the directions a and co'El. The change of the magnetic 
properties is provided by the formation of dimers of mag- 
netic atoms, being placed closer than in the initial state, 
with the exchange integral being larger than that in the 
state above the transition point. The ground state of the 
spin-Peierls crystal is singlet, and the excited states are 
separated by an energy gap. The magnetic susceptibil- 
ity is to be equal to zero at absolute zero. The values 
of the gap and of the spin-Peierls transition temperature 
depend on the variation of the exchange integral along 
the dimerised chairola. Note that the undimerised chain 
of the S =1/2 spins with the Heisenberg antiferromag- 
netic exchange has the gapless spectrum, and the ground 
state is not the Neel stateEl. 

The described transition results from the instability 
produced by the interaction of the ID spin chains with 
the 3D elastic lattice of the crystal. Spin chains con- 
struct a quasi-onc-dimcnsional antifcrromagnet, but the 
reconstruction of the crystal at the transition is of three 
dimensional character and the dimers are placed in an 



ordered sublattice. The displacements of copper ions 
are directed along the c-axes and the rotations of the 
oxygen octahedra surrounding the copper ions occur in 
the a6-planeu. The displacements of copper ions of the 
neighboring chains are opposite-phase-correlated, i.e. the 
dimers coincide after the translations by vectors a + c or 
b/2 + c. Here a, b, c are the primitive translations of 
the undimerized phase. The period of the Cu-sites dis- 
placement along the b— direction is equal to a half of the 
period of the lattice in the high-temperature phase, be- 
cause there are two Cu-ions per primitive cell, separated 
by the translation b/2. The octahedra rotations are cor- 
related in an analogous way, the octahedra coincide after 
the translations mentioned. Thus the reconstruction of 
the lattice is accompanied by the dimerization of copper 
atoms along the c— axis and of the oxygen atoms along 
a and 6-axes. The displacements Szkim of the Cu 2+ -ions 
relative to the undimerised lattice may be described by 
the relation: 



Szkim = £cos[((fc + I + m))ir + ip] 



(1) 



Here £ is the amplitude of the displacement, k, I, m are 
the coordinates of the Cu-ions respective to some refer- 
ence ion in the units ofa, 6/2, c in the system of coordi- 
nates attributed to the crystal axes a,b,c. The phase ip 
is the phase of dimejtization, it can take one of two val- 
ues: or 7r followingu. The state of the crystal is doubly 
degenerated with respect to this parameter. 

The main characteristics of the spin-Peierls state in 
CuGeOs, are as followsH: the temperature of the transi- 
tion Tgp = 14.2 K, the intrachain exchange integral J c is 
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10.6 meV, the energy gap at absolute zero A = 2 meV, 
the relative variation of the exchange integral in the 
dimerised chain S— 0.042. The interchain-to-intrachain 
exchanges ratio are Jb/J c =0.11, J a /Jc — -0.011. The 
maximum displacement of the Cu-ions is 0.007 A°. 

The magnetic susceptibility data and the results of 
the studies of the crystallographic and magnetic struc- 
ture and the investigations of the excitation spectra of 
CuGeOa agree mainly wiih the concept of the spin- 
Peierls transition (see, e.gJ3). 

The freezing out of the magnetic susceptibility of the 
real samples does not occur for all the 100 per cents. 
The magnetic susceptibility of the best samples vanishes 
approximately for 10 times, the susceptibility takes the 
minimum value at 5 K and demonstrates an increase at 
the further diminishing of the temperature. The residual 
susceptibility might be ascribed to the dangling ends of 
the chains or to the impurities. There are also other 
suggestions, given below in this paper. 

The insertion of the defects in the lattice or the dop- 
ing of the magnetic subsystem results in the lowering 
of the spin-Peierls transition temperature, and in the 
3D long range, antiferromagnetic order at more lower 
temperaturesa'EI. After the doping by 0.07% Si or by 
2%Zn the Neel temperature is 4 K . The remarkable fea- 
ture of the antiferromagnetic ordering stimulated by the 
impurities is the coexistence of the Neel and spin-Peierls 
states. The mean spin-per-site value is of several tenths 
of the nominal value. The suppression of the dimerization 
in the vicinity of the defect is the reason for the trans- 
formation of the nonmagnetic spin-Peierls state into the 
antiferromagnetic stateLnlJ. The absence of the dimer- 
ization leads to the antiferromagnetic correlation of sev- 
eral spins around the defect along the chain and in the 
perpendicular directions because of the exchange inter- 
actions. The average value of the spin projection dimin- 
ishes with moving away from the defect. The correlated 
areas of the neighboring defects overlap, providing the 
long range magnetic order. At a nonzero temperature the 
long range order is destroyed when the energy of thermal 
fluctuations is large enough to damage the correlation of 
the neighbor defects. 

The long range magnetic order was not observed 
downto 1.2 K for pure samples which showed the dimin- 
ishing of the susceptibility below Tgp for more than 10 
times. Nevertheless the pure crystals of CuGeC>3 demon- 
strate unusual magnetic properties at low temperatures. 
The low, temperature study of the electron spin resonance 
(ESR)llil't2l showed that the ESR spectrum is complicated 
by splitting into several components of the unknown na- 
ture. The effect of the electric field influence on the mag- 
netic susceptibiliUi. in the temperature range of the resid- 
ual susceptibilityE3 also indicate the unusual state of the 
crystal at low temperatures. The residual susceptibil- 
ity was supposed to be provided by the magnetic defects 
which arise together with the lattice defects at the tem- 
perature Tsp, these defects being the boundaries of the 
spin-Peierls crystallites. The crystallites differ through 



the different values of the phase of the dimerization. Thus 
the residual susceptibility may arise in a rather pure crys- 
tal and may exceed the susceptibility of the paramagnct 
with the number of magnetic ions equal to the number 
of defects in the high temperature phase. 

The aim of the present paper is the study of the ESR 
spectra of the pure monocrystals of CuGeC>3 for the de- 
termination of the structure of the magnetic defects of 
the spin-Peierls phase. 

II. EXPERIMENTAL TECHNIQUES AND 
SAMPLES 

The crystals of CuGeOa were grown from the high pu- 
rity components by means of the spontaneous crystalliza- 
tion from the flux melt at the slow cooling. The veloc- 
ity of the crystallization was 10 _3 cm/hour. The test of 
the impurities content was performed by means of the 
activation analysis and by atomic plasma spectroscopy 
(ICP/APS). The concentrations of the impurities Fe, Ni, 
Mn, Co did not exceed 10 -4 per Cu-ion. 

The magnetic impurities and defects provide the resid- 
ual magnetic susceptibility in the spin-Peierls crystal. 
Therefore the quality of the crystal may be character- 
ized by the ratio Q of the susceptibility at 15 K to the 
minimal value of the susceptibility measured at 5 K. The 
smaller is the amount of the defects in the spin-Peierls 
crystal, the higher is the value of the quality factor Q. 
For the main set of our samples Q =20. 

Samples from other growth procedures were also stud- 
ied for the comparison of the samples with the different 
content of the different defects. ESR spectra of the sam- 
ples used ir£3 (sample N2) were taken. This sample was 
prepared by the floating zone method and contained the 
impurity of Fe in the amount of 10 -3 . The quality factor 
of this sample is 7. A set of samples was grown from the 
same initial materials as the main set but at the more 
rapid crystallization rate for the comparison of the sam- 
ples with different concentrations of the structure defects. 
The crystallization rate for these samples was lem/hour 
and the value of Q was 6. The samples grown at the 
rate of the crystallization 6 cm/h had the value of Q=3. 
For the investigation of the impurities influence on the 
ESR signal the samples doped with Ni of the composi- 
tion Cuo.ggsNio.oosGeOs, were grown at the rate 1 cm/h. 

The lines of the magnetic resonance were taken as 
the dependencies of the microwave power transmitted 
through the cavity containing the sample vs the magnetic 
field in the frequency range 18-75 GHz. The spectrom- 
eter with the modulation of the magnetic field was used 
at the frequency 9 GHz and the field-derivatives of the 
magnetic resonance lines were recorded. The measure- 
ments were done in the temperature interval 1.2-25 K in 
the magnetic fields up to 60 KOe. 
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III. THE SPECTRUM OF THE MAGNETIC 
RESONANCE 

At the temperatures above and in the vicinity of T$p 
the ESR spectpmn of CuGeC>3 consists of a single line. As 
described inEJO, this line broadens at the diminishing of 
the temperature and further the spectrum splits at 5 K, 
there arise four strong and several weak lines at lower 
temperatures. 

The low temperature ESR signals are relatively weak. 
Using the known value of the molar susceptibility of 
CuGeO-3 at T=15 K and the value of Q- factor one could 
estimate the effective concentration of the paramagnetic 
defects which could be responsible for the ESR signal of 
the observed intensity. The main set samples integral in- 
tensity at 5 K is 1.0' 10 -3 of the intensity of the electron 
spin resonance of the paramagnet with one electron spin 
per Cu-ion. 

The characteristics of the magnetic resonance are 
shown in figures 1-6. 

The evolution of the lineform with temperature and 
the transformation of one single line into four lines is 
shown on the Fig.l. One could see here the part of the 
integral intensity of the broad line is splitting and forms 
a new line on the right side of the main line at T=3.5 K, 
the main line is also splitting into three components. 

Fig. 2 shows the records of the magnetic resonance 
spectra at H || c at different frequencies taken at the 
temperature 1.3 K. The main four lines are marked here 
by the numbers 1,2,3,4. The weaker lines are marked by 
the letters a, [3 7, e, v. The dependencies of the resonant 
frequencies on the magnetic field fi{H) for H || c are il- 
lustrated on Fig. 3. The subscript i corresponds to one of 
the lines marked by numbers and letters on Fig. 3. Three 
close lines 1,2,3 has frequency-field dependencies in the 
form of three parallel straight lines. The middle straight 
line of the resonance 2 passes through the origin of co- 
ordinates. The frequency-field dependence of the reso- 
nance line 4 is a straight line with another slope and also 
passes trough the origin of the coordinates. The frequen- 
cies 71,2,3,4 don't depend on the temperature in the range 
1.3-4 K. The data shown on Fig. 3 and the measurements 
at H || a, H || b show that the dependencies /i,2,3,4(-ff) 
for the principal orientations of the magnetic field and 
within the frequency interval 9-75 GHz are following: 

fi(H K ) = ^-g iK H K + d iK (2) 

Subscript k denotes one of the field directions along 
the axes a, b or a The values of g— factors gi K and of 
the constants di K are given in the Table 1. The nonzero 
values of c£ lK , d^ K describe the splitting of the magnetic 
levels at the zero field. The zero field splitting has the 
maximum value for H || b and vanishes at H || a. 

Table 1 



i 


9ia 


9ib 


9ic 


di„, GHz 


dif,,GHz 


di,GHz 


1 


2.17 


2.26 


2.10 


0.0 


-1.7 


1.15 


2 


2.17 


2.26 


2.10 


0.0 


0.0 


0.0 


3 


2.17 


2.26 


2.10 


0.0 


2.05 


-0.95 


4 


1.82 


1.86 


1.43 


0.0 


0.0 


0.0 



The representation of the spectrum in the field range 
covering the lines 1,2,3,4 in the form of four lorentzian 
lines revealed the presence of the fifth line which has 
the g— factor of about 2.0 and the linewidth of about 
600 Oe. The presence of this fifth line (we note it by the 
number " 0" ) is obvious e.g. at the Fig. 2 where the up and 
down displacements from zero line of the 9GHz-record of 
the derivative are observable at the resonant fields of the 
resonances 1,2,3. These displacements correspond to the 
presence of a wide line in addition to lines 1,2,3,4. The 
intensity of the line "0" is about 0.07 of the integral ESR 
intensity at 1.3 K for the sample with Q=20. For the 
sample with Q=6 the intensity of the line "0" is much 
larger and exceeds for 10 times the total intensity of lines 
1,2,3,4. 

The dependencies of the resonant field on it's orienta- 
tion are given in the Fig. 4. The lines 1 and 3 exchange 
their positions so that the frequency diffferences /i,3 — fi 
change their signs. The rotation of the field from the 
c— direction to a— direction results in the merging of 
the lines 1,2,3 into one line. The resonance line 4 has a 
strongly anisotropic g~ factor with the variation between 
the limits 1.43 and 1.86 depending on the orientation of 
the magnetic field with respect to crystal axes. 

The line a was observable only on the frequencies 9.1 
and 9.4 GHz. The difference of the resonance field values 
for these frequencies shows that this line has the zero 
frequency in zero field and the g— factor value of 5.4 at 
H || c. The value of the g— factor of the line (3 doesn't 
depend on the orientation of magnetic field and. is equal 
to 4.21. This value is typical for the Fe + - iontfl 

Fig. 5 shows the temperature dependence of the integral 
intensity of the ESR spectrum and of the intensity of lines 
3 and 4 on the frequency 9.4 GHz. The dependencies of 
the linewidths on temperature are shown in Fig. 6. At 
the temperature 5 K, where the splitting into four lines 
occurs, the peak of the linewidth for all lines takes place. 

The comparison of the ESR lines of the samples of dif- 
ferent quality is presented on Fig's. 7,8 and in the Table 
2. For the samples with the smaller Q-values the inten- 
sity of the line "0" is larger. This fact is illustrated in 
Table 2 by the ratio YI1-4 /A) °f the total intensity of 
lines 1,2,3,4 to the intensity of the line "0" at T=1.3 K. 
Besides, the data of the present work the data from the 
paperlLil are also given. For the low-Q samples the inten- 
sity of the line "0" becomes larger, and the lines 1,2,3 
broaden or disappear as observed in crystals grown at 
the higher crystallization rate. The line 4 is also broad- 
ened and at the same time enlarged in the intensity. The 
comparison of the. samples from the main set and of the 
sample N2 fromO shows that the low-Q sample has the 
stronger line 2. The lines 1 and 3 have the same intensity 
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and the linewidth as in the pure sample. The line a is 
of the same intensity as in the most pure sample, and 
the line j3 is more intensive according to the data of the 
Fe-concentration analysis. 

The Fig. 8 shows that the smaller is the crystallization 
rate the smaller is the intensity of the line 4. This ob- 
servation is made for the samples grown from the same 
initial components and confirms the arising of line 4 from 
the structure defects within the magnetic subsystem of 
Cu-ions rather than from impurity atoms. 

Table 2 



N 


v cr , cm/h 


CNi,Co,Mn 




Q 




Tsp 




1 


itr ;i 


<hn 4 


<nr 4 


20 


15 


14.5 




2 


i 


<HT 4 


<10~ 4 


6 


0.1 


14.0 




3 


6 


<10~ 4 


<10~ 4 


3 


0.01 


13.0 




4 


0.1 


<10" 4 


510" 4 


7 


1 


14.5 


[12] 


5 


unknown 


unknown 


unknown 


100 


20 


14.5 


[11] 


6 


1 


510' 6 (Ni) 


<nn 4 


2 




12.5 





IV. NONLINEAR MAGNETIC RESONANCE 

The resonant microwave magnetic susceptibility ap- 
peared to be power-dependent for the line 4. Fig. 9 shows 
the lines of the magnetic resonance absorption on the 
frequency 20.2 GHz at different levels of the incident mi- 
crowave power. When the microwave power exceeds some 
threshold value the enlarging of the susceptibility occurs 
and the intensity of the line 4 becomes larger than the 
total intensity of lines 1,2,3. The lineform becomes asym- 
metric, the additional absorption on the left wing is more 
elongated then on the right wing. 

The dependence of the imaginary part of the suscep- 
tibility on the microwave power is shown on Fig. 10 for 
the case of the resonance field value and for the wing 
of the resonance curve. This dependence demonstrates 
the threshold for the enlarging of the susceptibility. The 
threshold power, marked by the arrow on the figure, cor- 
responds to the incident microwave power of about 1 mW 
and to the absorption in the sample of about 100//W. The 
strength of the microwave magnetic field on the sample 
is about O.lOe. 

The effect of the nonlinear enlarging of the imaginary 
part of the microwave magnetic susceptibility has the 
maximum value at the frequency about 20 GHz. At 
the frequencies 18 and 23 Ghz this effect also is present 
but the nonlinear enlarging of the susceptibility at the 
comparable power is approximately 3 times smaller. For 
other frequencies (the closest of them is 26 GHz) the non- 
linear enlarging of the susceptibility is not larger then the 
noise level. 



V. DISCUSSION 



A. Temperature evolution of the lineform 

The temperature evolution of the magnetic resonance 
lineform i.e. the transformation of the single narrow line 
into the single wide line and then into four narrow lines 
arisen from this wide line may be explained by taking 
into account the exchange interaction of the paramag- 
netic defects of the spin-Peiexls phase with the thermally 
activated triplet excitationsLLl The exchange frequency 
is determined as the product of the exchange integral 
expressed in the frequency units-by the relative concen- 
tration of the triplet excitationaLj. When the exchange 
frequency is greater than the difference of the frequencies 
of the different resonance lines, only single line with some 
average frequency should be observed (the effect of the 
exchange narrowing). By lowering the temperature the 
concentration of triplets drops and when the exchange 
frequency passes the value of the order of frequencies dif- 
ference the separate lines arise which are narrcpring at 
the further freezing out of the triplet excitationsES. 

This scenario of the lineform evolution was observed 
in the TCNQ organic crystals, having the nonmagnetic 
ground state and the triplet excitations statesEj. In the 
pure crystals of this substance the line widening and 
splitting into two lines were observed. These two lines 
corresponded to the triplet excitations with the effective 
spin S = 1 in the crystal field. The line corresponding 
to the residual defects with the effective spin |S-.= 1/2 
was found in the irradiated crystals of TCNQiZI. The 
two lines corresponding to S = 1 vanish in intensity with 
temperature. For the crystals containing defects the lines 
attributed to S = 1/2 and S = 1 do not disappear at the 
temperature diminishing and show the temperature de- 
pendence of the intensity like the intensity of a paramag- 
netic sample ESR. It was shown iitH, that the linewidth 
of the ESR in CuGeOa follows the temperature depen- 
dence provided by the described mechanism in the range 
of the rapid (above 5 K) as well as in the range of the 
slow (below 5 K) exchange. 



B. Effective spin and the origin of the defects 

In the temperature range below 4 K the susceptibil- 
ity is suppressed by the transition into the spin-Peierls 
phase, the ground state of this phase is singlet and non- 
magnetic, the excitation states being separated by the en- 
ergy gap. The magnetic susceptibility and the intensity 
of the ESR signal should be exponentially close to zero 
at low temperatures. The nonzero susceptibility and the 
ESR signal are provided by the defects of the spin-Peierls 
phase. Clearly the observed ESR signals are attributed 
to different type of defects and further we try to identify 
these defects. 

The lines 1,2,3 have equal g— factor values, close to the 
g— factor of the Cu 2+ -ions in the paramagnetic phase of 
CuGeOa. This fact shows that the lines 1,2,3 are at- 
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tributed to Cu-ions. The value of the g— factor of the 
line 4 differs strongly from the Cu 2+ g— factor value. One 
could assume this line to be provided by impurity. But 
the chemical composition analysis gave the limit of the 
paramagnetic impurities concentration corresponding to 
only a half of the observed magnetic resonance inten- 
sity. We recorded the ESR spectrum of the single crystal 
with the composition Cuo.ggsNio.oosGeOs. The impu- 
rity ESR line of this crystal corresponds to the g-factors 
<7 a =1.92, (#,=2.00, g c =1.7, i.e. it's frequency differs suf- 
ficiently from the frequency of line 4. Thus the presence 
of the nickel impurity could not explain this signal. The 
magnetic resonance signals provided by the nonmagnetic 
doping do not show g — factor changes above 3%l— I. Be- 
sides that the difference in the intensities of the line 4 
of the samples prepared at different crystallization rates 
from the same components testifies the origin of this line 
from Cu-ions. Thus the results obtained demonstrate 
that the resonance lines 1,2,3,4 arise from the Cu-ions. 

The relative intensity of the line 2 with respect to the 
lines 1,3 is different for the samples of different quality 
(see Fig. 7). The ratio of the intensities of lines 1 and 
3 is the same for different samples. From this fact we 
conclude that the lines 1,3 are provided by the defects 
of certain type, and the line 2 arises from the defects of 
another type. The absence of the crystal field splitting 
for the linc.2 shows the effective spin S =1/2 of this type 
of defect so. 

The zero field splitting and the angular dependence 
of lines 1,3 with the exchange of their mutual positions 
mean that these lines belong to the defects with the ef- 
fective spin S =1. The splitting of the magnetic res- 
onance line by the crystal field into two lines is char- 
acteristic for spin S =1. The angular dependencies of 
these two lines resonance fields are analogous to the de- 
pendencies shown in Fig. 5, the separation between the 
lines being independent on frequency when gfisH 3> D, 
here D is the_aingle ion anisotropy constant of the spin- 
Hamiltonian.EI Therefore we assume that the lines 1 
and 3 are concerned with the exchange-coupled 5=1 
pairs of Cu-ions. The ESR-line of these pairs may be 
split by thi; dipole-dipole interaction or by the anisotropic 
exchanged. Such a splitting was obseeyed in the ESR 
spectrum of copper-acetat-monohydratO. The consider- 
ation of dipole-dipole interaction or of the anisotropic ex- 
change is necessary because the splitting of the spectrum 
of the pairs of S = 1/2-ions by the single ion anisotropy 
is absent. 



C. Intrinsic defects of the spin-Peierls phase 

We found in our experiments that the line 2 of the 
S = 1/2- and the lines 1,3 of the S = Tdefects have 
the comparable intensities. For the random distribution 
of the small number of the defects the exchange coupled 
pairs resonance should be much less intensive than the 



resonance of the isolated defects. For an explanation of 
this contradiction one should consider the structure of 
the magnetic defects of the spin-Peierls crystal arising at 
the transition point. 

As it was described in the Introduction, the low tem- 
perature phase is characterized by one of the two values 
of the dimerization phase. The creation of the domains 
(crystallites) with the different values of this parameter is 
possible during the transition. On a boundary between 
two crystallites the value of ip changes from tp = to 
ip = 7r and at least one atomic layer remains undimerized. 
The boundaries of the crystallites are usually pinned at 
the defects and thus one point defect in the high temper- 
ature phase may produce the entire plane of the magnetic 
defects below the transition. The known boundaries of 
the antiferromagnetic domains are examples of the plane- 
type defects in a relatively perfect crysta£3. Fig. 11 shows 
schematically the Cu-ions in the dimerized crystal con- 
taining two domains. The orientation of the plane parts 
of the boundary is chosen to be directed along the prin- 
cipal directions. The boundary of the first type (I) lies 
in the plane ac and contains the undimerized chains ori- 
ented along c-axes coupled by the weak ferromagnetic 
exchange J a . The passing of this boundary violates the 
order of the oxygen atoms displacement. In the second 
type of boundaries (II), lying in the plane be (not shown 
in the Fig 11.) the undimerized spin chains are coupled 
by the weak antiferromagnetic exchange Jj,. In both cases 
there is a strong intrachain exchange interaction charac- 
terized by the exchange integral J c . The violation of 
the order of joining of Cu-ions into pairs takes place in 
the boundaries of the third type (III) lying in the planes 
ab or in the family of the planes {101}. This type of 
boundaries contains the undimerized spins from different 
chains. The week exchange interactions J a and Jb are 
coupling the spins in the plane of this boundary. 

The type I boundary contains the magnetically un- 
ordered spin chains with the strong intrachain exchange 
J c . The week ferromagnetic exchange acts in the perpen- 
dicular direction. The magnetic susceptibility of these 
chains is suppressed by the strong exchange J c and is 
of about 1/200 of the susceptibility of the same amount 
of paramagnetic spins at T =1.5 K. The structure de- 
fects in this boundary (vacancies cutting the chains or 
the steps) should result with a high probability in the 
creation of S = 1 exchange coupled pairs of the Cu-ions 
due to the ferromagnetic exchange J a between the spins 
of the neighboring chains. The breaks of the chains in 
the boundaries of the type I are probably the sources of 
the exchange coupled pairs giving the ESR lines 1 and 3. 

The angular and frequency dependencies of the mag- 
netic resonance field of lines 1 and 3 may be described 
on theJpase of the spin-Hamiltonian of the effective spin 
S=lB: 



K = gcPsHc + gbHsHb + g a pBH a + D c Sl 
DbSl + D c b(S c Sb + SbS c ) 



(3) 
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with the parameters g c = 2.10, gb — 2.26, g a — 2.17, 
D c = 0.04 K, L> b = -0.05 K, D cb = -0.03 K 

The analogous defects in the main spin-Peierls matrix 
or in the boundaries of the types II and III remain mostly 
unpaired or create pairs with the spin 5 = due to the 
stronger antiferromagnetic exchanges along the axes c 
and b. 

The resonance line 2 is naturally combined with the 
isolated breaks of the spin chains away from the bound- 
aries or in the boundaries of the type II. These breaks 
produce the free 5 = 1/2 spins. 

The splitting of the ESR line into three spectral com- 
ponents at lowering the temperature was also observed in 
the organic spin-Peierls crystals 2 ^. In this case the anal- 
ysis of the angular- and frequency-dependencies of the 
resonant fields of theses components was not performed. 
The authors interpreted the observed components as ESR 
signals of different magnetic ions with different g— factors. 

The specific transformation of the ESR line in the spin- 
Peierls magnet with the splitting of the single line into 
several lines and among them a triplet was confirmed by 
the observation of the described scenario of the evolution 
of the lineform for the latelv-discovered second inorganic 
spin-Peierls crystal NaV2 0sEJ. 



D. Magnetic clusters in the spin-Peierls matrix 

We consider now the domain boundaries of the type 
III, having the undimerized spins from different chains 
in the plane. According to the concept developed hxrtHl 
each undimerized spin is a center of a region with the an- 
tiferromagnetically correlated spins. The size of this re- 
gion (soliton) is estimated theoretically as about 7 lattice 
periods along the c— axes. The total spin of the soliton 
is 1/2 and the average of the spin projection on the site 
diminishes with going away from the undimerised spin 
due to the dimerization (see Fig. 12). 

These objects are magnetic clusters within the non- 
magnetic spin-Peierls matrix. Magnetic resonance of this 
clusters having the internal structure is an yet unsolved 
problem. The related problem of magnetic resonance.-af 
the three-spin cluster of equal 5=1/2 ions is reportedc3. 
For the isosceles triangular cluster with the small devi- 
ation from the equilateral triangle the energy levels are 
given by the relation: 



TlLO 



£1,2,3,4 = ±±(G 2 + S 2 +g 2 f , 2 B H 2 

±2gn B H(5 2 +G 2 cos 2 6) 1 / 2 ) 1 / 2 



(4) 



here 6 - is the angle between the z -axes of the cluster 
symmetry and the magnetic field, Jo.i -exchange inte- 
grals, 8 = | J i — Jq I, G- coefficient of the antisymmetric 
exchange interaction of Dzyaloshinski-Moria. The coeffi- 
cient G equals zero if the symmetry center exist between 
the ions constructing the pair. If the energies of transi- 
tions between the levels (4) are small compared to 6, G 
then they are determined by the relation 



v/l + G 2 cos 2 9/S 2 



H 



(5) 



Thus in the low-frequency range the spectrum of the 
magnetic resonance of the triangular cluster is analo- 
gous to the ESR spectrum of an isolated single ion with 
the strongly anisotropic g— factor and with g z <2. The 
experiments with the organic complex crystals contain- 
ing the triades of Cu-ions revealed ±he correspondence 
of the static magnetic susceptibility! 2 !! and of the reso- 
nant properties^ to the consideration described above, 
considering the nonzero value of G. 

For the description of the linear three-spin cluster cre- 
ated within the nonmagnetic spin-Peierls matrix around 
an undimerized spin we take the Hamiltonian in the form: 

Ti = J12S1S2 + J23S2S3 + J13S1S3 + Gi2[SiS2] 

+ G23[S 2 S 3 ] (6) 

here G12 and G23 are vector parameters of the 
Dzyaloshinski-Moria-interaction. The energies of the two 
lowest states of the cluster at the arbitrary orientation of 
the magnetic field are given by the relation: 

Ei, 2 = 4a - I[( £l - £2 ) 2 + G 2 + (h) 2 
±2((ei -e 2 ) 2 h 2 + (hG) 2 ) 1 /2]i/2 

(7) 

here £1 , e 2 are the energies of the two possible 5=1/2 
states of the cluster in the absence of the antisymmetric 
exchange and of the magnetic field: 



£1,2 



— —\{J\2 + J\3 + J23) 



± M J 23 ~ 2"( J i2 + J13)] + f (Jia ~ ^is) 2 (8) 



G and h are G 



G12 + G2 



h = g/i^H, g takes the 



values of the corresponding components of the g— tensor 
of the single Cu-ion. 

For the case h _L G the effective g— factor is approxi- 
mately given by 



9eff = 9 



1 



Gj + Gl 
2{e 2 - e x f 



(9) 



Taking J 23 = J12 = 10 mevi, J 13 =3.6 meV@ we ob- 
tain for the observed g — 1.43 that the vector G should be 
perpendicular to the plane of the fragment CUO2-CUO2- 
Cu with the value of G12 + G23 of about 8 meV. Note 
that G=0 for the cluster with the center of symmetry at 
the middle spin. However, as it is seen from Fig. 11 there 
is no symmetry centers on the sites of the undimerized 
spins within the boundary of the type III. The symmetry 
centers disappeared due to the distortions of the regular 
dimerized pattern for the neighboring pairs of the Cu- 
ions. 

The estimation of the antisymmetric exchange given 
above is of the order of the main exchange interaction 
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which seems to be nonrealistic. Further we consider the 
five spin model (Cu5-Cu4-Cul-Cu2-Cu3). Here the num- 
ber of the states with the total spin S = | which are 
admixed to the main doublet by the antisymmetric ex- 
change is enlarged. As a consequence the relation (|]) 
transforms in the following way: 



9eff = g[l 



(G12+G23 — G41 — G54) 2 



(10) 



here E$i and |i are determined by the equations: 

21 = [J23 - l(Jl2 + Jl3) + \M 2 + |(Jl2 - Jl3) 2 (11) 



31 



{^23 — \{Jl2 + -/l3 
[(■^23 — \{Jl2 + J13) 1 1 
(Jl2 " Jl 3 ) 2 ] 1/2 } 2 + W- 



-J24 



A' 
7J24) 2 



Jl 



(12) 



Note that only the antisymmetric term G12 + G23 
is included in (m while the symmetrical contribution 
G12 + G23 — G41 — G54 arises in (10). This principal 



difference is due to the fact that the three-spin cluster 
has the single excited state with the total spin S = h 
and this state is antisymmetric. There are the symmet- 
ric as well as antisymmetric with respect to the center 
of the cluster states among the S = \ excited states of 
the five-spin cluster. Therefore both the antisymmetric 
and the symmetric combinations G12 + G23 + G41 + G54, 
G12 + G23 — G41 — G54 contribute to the change of 
g— factor. 

The five spin cluster has four S = | excited states. 
The relation ( |Io| ) takes into consideration only two lower 
states otherwise the formula becomes too cumbrous. The 
calculation under the assumption G12 = G23 = G54 = 
G41 results in g c =1.5 at the modulus of G12 equal to 
2.9 meV. The following numerical data are used here: 
J12 = J14 =10 meV, J23 = J45 =10.4 meV (dimerized 
spin pairs ), J13 = J15 =3.6 meV. 

The numerical calculations performed by the exact di- 
agonalization of the energy matrixes in the presence of 
the magnetic field including all the excited states of the 
five spin cluster give G12 = 3.0 meV. 

The average values of the spins projections of the spins 
of the cluster obtained during the process of this calcu- 
lation are given in Fig. 12. The presence of the antisym- 
metric exchange in CuGeC>3 with the Dzyaloshinsky vec- 
tqw>erpendicular to the c— direction was at first assumed 
ir£3 at the analysis of the reasons of the high-temperature 
ESR line broadening. It was noted that this assumption 
contradictSpto the crystal structure of the CuCVchains 
reported inEI. We note here, that the symmetry is lowered 
in the vicinities of the undimerized spins contained within 
the domain boundaries of the type III and the presence of 
the Dzyaloshinski-Moriya interaction becomes permitted 
at least below T$p- 



The ESR line 4 is obviously to be associated with the 
defects of the last type of the Cu-ions magnetic system. 
The consideration of five-spin-cluster given above enables 
one to explain the strong deviation of the g— factor from 
the value 2.0 and the strong anisotropy of g— factor by 
taking into account the antisymmetric exchange inter- 
action with the parameter of about 0.3 of the exchange 
integral. 

Surely the above consideration of the magnetic cluster 
with the internal structure defined by the Dzyaloshinsky- 
Moriya interaction give only qualitative explanation of 
the strong deviation of g— factor. There are two follow- 
ing contradictions of the described model to the exper- 
imental facts. At first, the value of g— factor does not 
come close to 2.0 for any direction of the magnetic field 
(there should be such a direction according to the model), 
and secondary - the strong diminishing of g— factor is to 
be for any direction perpendicular to G but we observe 
the strongest diminishing only along c— axes. Probably 
these discrepancies may be ascribed to the antisymmet- 
ric exchange of the next-nearest-neighbor-ions or to the 
nonparallel Dzyaloshinsky vectors of the different pairs 
of ions. 

The 9 GrEfe-ESR of the crystal of higher quality was 
reported intil. The data given there testify the Q- value of 
about 100. The ESR lines a, 1, 2, 3, 4 were also observed 
there and the resonance fields of these lines correspond 
well to the fields observed in the present paper. This 
fact confirms that the spectrum consistent from a triplet 
line and of the cluster line is characteristic for pure spin- 
Peierls crystals. 



E. 2D-magnet on the boundary between the 
domains of the spin-Peierls phase 

The localized soliton may be considered as a magnetic 
quasiatom because it's internal structure is fixed by the 
strong exchange J c . Thus the type III boundary is a two- 
dimensional-magnet of these quasiatoms, coupled by the 
ferromagnetic exchange NJ a along a— direction and by 
the antiferromagnetic exchange N Jb along the 6— axes. 
Here N is the effective number of spins within the quasi- 
atom. Using for an estimation N ss 5 we derive the ex- 
change integrals between quasiatoms of about 50 K along 
b and about —5 K along a— axes. Due to the anisotropy 
energy of per quasiatom-spin of E a =0.5 K, the ordering 
temperature of this 2D-magnet is of about 

T c « NiJtJaY/yiniNJb/Ea) a 3K 

Therefore at the temperature of our experiments when 
T <C NJb this planar magnet may be unordered but 
strongly correlated magnet. The long- wave excitations 
of this magnet are analogous ta-spin waves in the anti- 
ferromagnet without anisotropy.E3. One of the branches 
of these excitations spectrum a>ik is gap-less even in pres- 
ence of the magnetic field. The second branch has the gap 
^20 = gafJ-BH a . The uniform high frequency magnetic 
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field enables us to excite the uniform precession mode 
with the frequency u>2o- Because of the elliptical trajec- 
tories of the spin precession caused by the anisotropy, 
the parametric excitation of the pairs of spin waves of 
the gap-less mode is possible by the decay of the uniform 
mode, when the pair meets the condition of the paramet- 
ric resonance: 

Wmiu = w lk + Wi_k (13) 

Here u) mw is the frequency of the microwave pumping. 
The absorption of energy at the parametric excitation 
has a threshold in pumping power, the flow of energy 
into the spin-wave modes having the resonance maximum 
near the frequency of the uniform mode (see, e.g.Eiro). 
The resonance is due to the transfer of energy via the 
magnetization oscillation of the gap-like-mode. 

The parametric excitation of the spin waves of the gap- 
like mode should provide the absorption of the microwave 
magnetic field energy in the field range below the reso- 
nance field of the uniform precession at a half frequency. 
We observed such absorption bands, as is it seen on Fig. 2 
and Fig. 3 (line v). 

The observed effect of the threshold enlarging of the 
susceptibility at the resonance of the line 4 leads one to 
the conclusion that there are the two dimensional pla- 
nar magnetic defects inside the spin-Peierls matrix. The 
point-like magnetic defects could not provide the nonlin- 
ear effect with the enlarging of the susceptibility, only the 
saturation effect is known for the magnetic resonance of 
the isolated ions, with the diminishing of the imaginary 
part of the susceptibility at enlarging microwave power. 
The presence of the three-dimensional magnetically cor- 
related areas is less probable because 3D-ordering tem- 
perature should be greater, of the order of (J c Jb) 1 / 2 > 
10K and the 3D-dimensional order would result in the 
observable zero-field gaps for both branches of the spec- 
trum. This assumption is in a contradiction with the 
linear and gapless dependence f±{H). 

VI. CONCLUSION 

The defects of the spin-Peierls phase with the effective 
spins 1/2 and 1 are identified on the base of the analy- 
sis of the low temperature ESR spectra of pure crystals 
of CuGeC>3. Spin-l/2-defects are created by the breaks 
of the spin chains and spin-l-defects - by the exchange 
coupled pairs of this breakups placed in the boundaries 
of the domains of the spin-Peierls phase. 

The additional ESR signal is found revealing the two- 
dimensional magnetic defects with the long-range mag- 
netic correlations. This planar objects are proposed to 
be the boundaries of the spin-Peierls phase with the dif- 
ferent values of the dimerization phase. 
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Figure captions 

Fig.l. 26.7 GHz magnetic resonance lines taken at dif- 
ferent temperatures (field dependencies of the signal of 
the microwave power detector) 

Fig. 2. Magnetic resonance lines of CuGeOa at H || c, 
taken at the frequencies 37.0, 18.0, 9.1 GHz and at the 
temperature 1.2 . For the frequency 9.1 GHz the field- 
derivative of the ESR line is given. 

Fig.3 ESR spectrum at H || c, T=1.3 K. The devia- 
tions of the resonant frequency from the line 2 resonance 
frequency / = 2.88-ff are given. 

Fig. 4. Angular dependencies of the ESR field at the 
frequency 9.4 GHz, T— 1.5 K for the rotation of the field 
in the planes ac and be. 

Fig. 5. The dependence of the integral ESR intensity 
and of the intensity of the lines 2,3,4 on the temperature 
for the frequency 9.4 GHz. The numbers indicate the 
ESR lines according to Fig. 2., the integral intensity is 
marked by the sign 

Fig. 6. The dependence of the ESR linewidth on the 
temperature for the frequency 9.4 GHz. The numbers 
are marking the resonant lines according to Fig. 2. 



Fig. 7. Comparison of the absorption line derivatives of 
two samples with Q =20 and Q =6 at T =1.5 K, on the 
frequency 9.1 GHz. The samples differ through the Fe- 
content and the growth methods. The amplitude of the 
signals is normalized to the equal intensity at T =15K 

Fig. 8. The comparison of the ESR lines of the sam- 
ples prepared from the same components at the different 
crystallization rate. The lines are taken at T = 1.8 K, 
the amplitude is normalized to equal intensities at 15 K. 

Fig. 9. The field dependence of the power transmitted 
through the resonator with the sample at the different 
microwave incident power values, at the temperature 1.2- 
1.6 K. H || c, / =20.2 GHz. The power values are given 
in arbitrary units. The change of the temperature of the 
resonator is due to the heating by microwave power. 

Fig. 10. The dependence of the imaginary part of the 
magnetic susceptibility on the microwave power for the 
ESR line 4 at the resonant magnetic field (triangles) and 
at the left wing of the resonant line (squares). P cr and 
P cw are the threshold values of the power at the resonance 
and on the wing correspondingly. T =1.5 K. H || c, 
/ =20.2 GHz 

Fig.ll. Scheme of the domains of the dimerization and 
of the domain boundaries of types I and III. The filled 
circles are undimerized Cu-ions. 

Fig. 12. Proposed average spin projections in the vicin- 
ity of the dimerization defect (upper part) . Lower part - 
calculated average values of the spin projections for the 
five-spin-cluster with the symmetric and antisymmetric 
exchange. 
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